Position-dependent gene expression in gradients of morphogens is one of the key processes involved in cellular differentiation during development. Here, we study a simple artificial differentiation process, which is based on the diffusion of genetic inducers within one-dimensional arrangements of 50 mm large water-in-oil droplets. The droplets are filled with either bacteria or cell-free gene expression systems, both equipped with genetic constructs that produce inducers or respond to them via expression of a fluorescent protein. We quantitatively study the coupled diffusion-gene expression process and demonstrate that gene expression can be made position-dependent both within bacteria-containing and cell-free droplets. By generating diffusing quorum sensing signals in situ, we also establish communication between artificial cell-free sender cells and bacterial receivers, and vice versa.
Introduction
Over the past decade, the investigation of bacterial growth, gene expression or population dynamics in artificially structured microenvironments have become increasingly popular, 1 as they allow researchers to follow the dynamics of individual cells within a population over time, and also to precisely control their spatial, temporal, and chemical boundary conditions. In this context, the combination of fluorescence microscopy methods and microfluidic techniques has been shown to be particularly versatile. 2 Microfabricated bacterial traps have been applied to monitor gene expression dynamics over extended periods of time, 3, 4 and study, e.g. stochastic effects in gene expression, [5] [6] [7] or the synchronization of bacterial oscillators. 8 Microfluidic environments have also been used to study the growth of bacteria 9, 10 or perform evolutionary experiments. 11, 12 Other experiments were designed to control bacterial shape, 13 or study biofilm formation and bacterial adhesion properties. 14 Microfluidic techniques have been also frequently used for compartmentalization studies, in which single or small numbers of cells were isolated from their environment and also from each other. This has been recently utilized in single cell genomic studies, 15 where the genomic content of a single cell is amplified directly within the compartment using droplet PCR. 16, 17 In previous work, we used picolitre-sized water-in-oil emulsion droplets to compartmentalize small bacterial consortia and study their response to small diffusible inducer molecules. 18 This was based on the finding that inducers such as IPTG or the quorum sensing signal N-(3-oxo-hexanoyl)-L-homoserine lactone (abbreviated 3-oxo-C6-HSL or simply AHL) could permeate through the separating oil phase and thus diffuse from one microcompartment into another. In this system, engineered ''sender bacteria'' in one droplet could communicate with ''receiver bacteria'' in neighbouring compartments. 19, 20 Gene expression in bacteria equipped with a genetic ''AND gate'' was switched on only in the presence of both IPTG and AHL containing reservoir droplets.
Compartmentalized bacterial consortia are of particular interest for applications in synthetic biology. For instance, compartmentalization could be used to create systems, in which several bacterial species interact and cooperate, which might be incompatible in co-culture (due to different growth conditions or predation of one species on the other). Furthermore, hybrid systems could be created, in which some droplets contain cell-free gene expression systems, while others contain bacteria, or simply nutrients or other chemicals. One vision for such systems could be the creation of a semi-synthetic superorganism composed of spatially arranged ''droplet cells'', which have the ability of position-dependent gene expression, and thus spatial differentiation and pattern formation. [21] [22] [23] In the present work we study spatially distributed gene expression in strictly linear arrangements of microdroplet compartments. A quasi one-dimensional geometry allows for a better control of boundary conditions, and also facilitates a straightforward analysis of the experiments. One of the most important aspects for our present study is the stronger mutual coupling of neighbouring compartments in a 1D geometry.
We not only studied microdroplets containing bacteria, but also emulsion droplets filled with cell-free gene expression systems [24] [25] [26] [27] [28] [29] as well as hybrid systems. In experiments with compartmentalized bacteria, gene expression dynamics is strongly affected by bacterial cell growth in the droplets. By contrast, cell-free systems display different gene expression dynamics, 30 as the gene products are not diluted by cell growth.
An obvious advantage of cell-free systems is the presence of the whole transcription and translation machinery and the simultaneous lack of an own genetic agenda. Cell-free systems can thus be programmed by simply feeding synthetic DNA without interference with an existing genetic background. 24, 26, 31 The scope of cell-free systems can be easily expanded by the addition of supplementary components such as enzymes and their substrates, crowding agents, 32 or other chemicals. Encapsulation of cell-free systems thus results in flexible biochemical compartments, which inherit some of their characteristics from bacteria. We demonstrate that in the context of our linear microdroplet geometries, cell-free and bacterial systems can be even made to communicate with each other.
Results and discussion
Our experiments are based on two simple synthetic gene circuits. As explained in Fig. 1a , expression of green fluorescent protein (GFPmut3*) is activated only in the presence of both inducer molecules IPTG and AHL. In this respect, the gene construct on the reporter plasmid approximates the function of a logical AND gate. The second gene construct is termed ''sender'' since it can synthesize AHL in the presence of IPTG as shown in Fig. 1b . Operating the AND gate circuit within gradients of inducer molecules can be used to generate spatially differentiated gene expression. In order to study this effect, we produced picolitre-sized emulsion droplets (diameter d E 40-50 mm), containing either the cell free transcription/translation mix or bacteria using a microfluidic droplet generation system (see Experimental section). In order to create a linear arrangement of such compartments, the droplets were loaded into a squared capillary with a side length of 50 mm ( Fig. 1c and d) . Hence, diffusion of inducer molecules was effectively confined to the dimension along the long axis of the capillary.
Inducer response in the cell free system
We first studied the bulk response of the AND gate plasmid in the cell-free system to the inducer molecules IPTG and AHL in bulk in titration experiments (for the characterization in E. coli cf. ref. 18) . To this end, we fitted the maximum rate of GFP expression as a function of the inducer concentrations with a Hill curve. We found that the response of the AND gate to varying concentrations of IPTG (for constant [AHL]) did not follow a typical induction behaviour. This may be caused by batch-to-batch variations of the cell-free system, 33 and is further related to the fact that in the cell-free system the concentration of the lac repressor LacI relative to the plasmid concentration (7.5 nM) is not sufficient 26 ( Fig. S2 , ESI †). By contrast, the AND gate displayed a proper, slightly cooperative response to AHL (Hill exponent n E 1.8) with an induction threshold of K a E 9.9 nM (Fig. S1 , ESI †). These values are within the range previously found for AHL induction in bacteria. 18 In the cell-free context, further analysis therefore mainly focused on the response of the AND gate to AHL.
1D droplet chains connected to an inducer reservoir
In order to characterize the diffusion of the inducers within our 1D geometry, we studied the spatial variation of gene expression in the droplet chains as a function of only one of the two inducer molecules, i.e., the AND gate droplets were only used as sensors or ''receiver'' droplets. The dispersed phase was first saturated with one of the inducers (either 200 nM AHL or 10 mM IPTG), and then a fixed concentration of the other inducer was established at one end of a droplet chain. This was accomplished by placing a droplet-filled capillary into a reservoir solution containing both the saturated and the second inducer molecule. The volume of the reservoir was created much larger than the interior volume of the capillary (V reservoir /V capillary E 10 3 ). As the diffusion coefficient of the inducer inside the aqueous reservoir is much larger than the (apparent) diffusivity in the water-in-oil emulsion (D reservoir /D capillary 4 10-100, cf. discussion below), the inducer concentration at the opening of the capillary can be assumed constant. Furthermore, due to the length of the capillaries (l Z 1 cm) and the time scale of our observations (t r 15 h) one can safely assume zero inducer concentration sufficiently far inside the capillary. This will result in the formation of a gradient in the inducer concentration along the aligned droplets, which can be observed via GFP expression using an epifluorescence microscope. A representative image time series recorded from cell-free receiver droplets inside a capillary connected to a reservoir with [AHL] = 1 mM is shown in Fig. 2a . As AHL diffuses into the capillary, GFP expression is sequentially induced in the droplets, starting with the compartments closest to the reservoir. The temporal progress of GFP production as a function of distance to the reservoir (Fig. 2b) reflects the AHL dependence of GFP expression expected from the bulk experiments -larger distances correspond to lower AHL concentrations and thus slower expression kinetics. As the encapsulated cell-free system has a limited run-time of E5-6 hours, droplets at a distance too far to be reached by AHL within this time were not induced at all.
In fact, the number of droplets which are induced within a given time span can be simply controlled by the inducer concentration in the reservoir (Fig. 2c) . Larger concentrations lead to larger diffusion fluxes, resulting in the induction of an increasing number of droplets. For large fluxes, however, the spatial differentiation of neighbouring droplets is less pronounced (Fig. S6, ESI †) .
We found similar behaviour as in Fig. 2 also for linear chains of droplets filled with bacterial AHL receivers (Fig. S7 , ESI †), but with slightly different dynamics, mainly due to bacterial growth within the droplets (cf. ref. 18) .
Experiments with IPTG reservoirs of varying concentrations generally did not lead to a clear spatial differentiation (see Fig. S8 , ESI † for [IPTG] = 10 mM), which presumably is caused by the leakiness of the lac promoter and the lack of sufficient LacI for the cell-free system (cf. Fig. S2 , ESI †).
Quantitative considerations
For programmed pattern formation, it is of interest to tune the apparent diffusion coefficient of the ''morphogens'' and thus the corresponding patterning length scale. To this end a quantitative understanding of the diffusion properties of AHL within a heterogeneous medium such as a water-in-oil emulsion is necessary. We used the GFP expression strength in cell-free droplets as reporter for the local AHL concentration and estimated its apparent diffusion coefficient , while for the reservoir with [AHL] = 10 mM we found a higher D a of about E25 mm 2 s À1 (Fig. S3 and S4 , ESI †).
This discrepancy indicates that gene activation proceeds through different mechanisms for low and high reservoir concentrations.
In general, transport of molecules within a water-in-oil emulsion based on our specific surfactant and fluorocarbon oil is dominated by partitioning effects (the droplets are not expected to form adhesive bilayers at their interface, 34 for a discussion see ESI †). Thus, inducer molecules partition from 
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the reservoir into the oil phase, diffuse through the oil and then enter droplets in the capillaries. An alternative mechanism involves diffusive transport of inducer via surfactant micelles. 35 Whereas the diffusion coefficient through oil is expected to be reduced compared to the aqueous phase (D aqueous E 100-1000 mm 2 s À1 36-38 ) by a factor of E4 (due to its higher viscosity), diffusion via micelles has been measured to proceed with a diffusion coefficient of D micelle E 1 mm 2 s À1 . 35 Apparently, for the lower reservoir concentrations ([AHL] = 200 nM, 1 mM) droplet induction is dominated by micelle diffusion. By contrast, for the [AHL] = 10 mM reservoir, a large enough amount of AHL partitions into the oil phase to elicit a ''fast'' and more global response in the capillaries (for a discussion see ESI †).
It is also important to consider effects, which are caused by the geometry of our experimental set-up. The linear arrangement of droplets in glass capillaries confines the inducer molecules to effectively diffuse in 1D and thus enforces their sequential diffusion through neighbouring droplets. In the absence of a bulk phase -acting as diffusion sink -this creates a relatively strong coupling between neighbouring droplets compared to other geometries. For instance, in a close-packed geometry an inducer-filled droplet is surrounded by two nearest neighbours in 1D, while it has six and even twelve neighbours in 2D and 3D, respectively, which would result in a correspondingly faster dilution. We can thus observe spatial effects over much longer distances in 1D than in our previous work based on a 2D arrangement of droplets in contact with a bulk oil phase. 18 
Inducer reservoir droplets
In the following set of experiments, we localized GFP expression by introducing inducer-filled reservoir droplets rather than using a macroscopic reservoir. To this end, one inducer was distributed globally to all droplets, while the second inducer was encapsulated only in dedicated droplets. In the presence of AHL sender droplets ([AHL] = 200 nM), GFP expression was induced only in nearest neighbour droplets containing bacteria and IPTG (Fig. 3a) . In stark contrast, in the case of IPTG reservoir droplets ([IPTG] = 10 mM) GFP expression in droplets containing AND gate bacteria with saturating AHL concentration was not restricted to neighbouring droplets (Fig. 3b) . However, in the absence of IPTG reservoir droplets in a capillary, no GFP production is observed at all. Using a combination of AHL and IPTG sender droplets, it was possible to spatially confine gene expression only to AND gate bacteria close to the reservoir droplets (Fig. 3c) .
Communication between bacteria and artificial cellular compartments
We finally studied communication between the cell-free and bacterial droplets. As shown in Fig. 4a , cell-free sender droplets equipped with a LuxI encoding sender plasmid generate enough AHL to elicit a gene expression response in neighbouring droplets containing AND gate bacteria. To this end, the cell-free medium actually had to be supplemented with S-adenosyl methionine (SAM), which is a precursor for AHL not contained in sufficient quantities in the conventional cell extract. In order to further increase the ''sender strength'' of the cell-free droplets, additional T7 RNA polymerase was added, which resulted in an enhanced production of LuxI (Fig. 4b and Fig. S1b, ESI †) . The kymograph representation of Fig. 4a indicates that -as expectedthe response is stronger and starts earlier in droplets in the direct vicinity of the cell free sender droplets.
We also found, that the intensity of the GFP signal was higher towards the end of the capillary compared with the centre (Fig. 4b) . We assume that the growth of bacteria within the emulsion droplets is actually limited by the availability of oxygen. Since oxygen can dissolve and transfer through fluorinated oil, bacterial growth is prolonged towards the end of the capillaries, resulting in a a stronger overall GFP production. This effect was not observed for cell-free gene expression in droplets.
The direction of communication can also be reversed by encapsulating LuxI producing sender bacteria that generate AHL and thus induce gene expression in cell-free receiver droplets (Fig. 4c) . For ''bacterial-to-cell-free'' droplet communication, a clear difference between gene expression in nearest neighbour receivers and receivers more remote from the sender droplets could be resolved (Fig. 4d) .
Experimental
Preparation of the cell-free gene expression system Crude S30 cell extract was obtained by beat beating a BL21-Rosetta2(DE3) mid-log phase culture with 0.1 mm glass beads in a Minilys device (Peqlab, Germany) as described in ref. 39 . Instead of 3-phosphoglyceric acid (3-PGA), phosphoenolpyruvate (PEP) was utilized as an energy source 40 in the composite buffer (50 mM Hepes pH 8, 1.5 mM ATP and GTP, 0.9 mM CTP and UTP, 0.2 mg ml À1 tRNA, 26 mM coenzyme A, L-methionine chloride dihydrochloride (Sigma-Aldrich, #A7007) and 1 U ml À1 of T7 polymerase (Epicentre, TM910K) was added to the cell free sender droplets. LacI was His-tagged and purified by gravityflow chromatography with Ni-NTA Agarose Beads (Qiagen).
Bacterial strains and culture media
The receiver (AND gate) plasmid was cloned into Escherichia coli DH5aZi (ExpressSys) and the sender plasmid into E.coli BL21(DE3)pLysS (Promega) as described previously. 18 As culture media, Luria-Bertani (LB) medium (Carl Roth, #X968.1) and M9 minimal supplemented with 20 mM glucose and 300 mg ml
À1
thiamine hydrochloride (Sigma-Aldrich, #T1270) were used. For IPTG reservoir experiments with AND gate bacteria, M9 minimal medium was supplemented with 0.4% (w/v) glycerol instead of glucose. Cells from glycerol stock were grown overnight in Falcon tubes with 5 ml LB medium containing 100 mg ml À1 carbenicillin (Carl Roth) and 30 mg ml À1 chloramphenicol (Carl Roth) at 37 1C
shaken at 250 rpm. The overnight cultures were diluted to an initial optical density (OD 600nm ) of 0.01 in Falcon tubes containing fresh LB or M9 minimal medium (Sigma-Aldrich, #M6030) for sender or receiver cells, respectively (LB medium is autofluorescent in the GFP channel) with 50% reduced antibiotic concentrations. Before encapsulation of bacteria into emulsion droplets, the cultures were incubated for 2-3 h until an OD 600nm of 0.1-0.2 was reached. Sender bacteria droplets were grown in LB medium supplemented with 1 mM IPTG, two hours before encapsulation.
Microfluidics
For the generation of droplets, we utilized a microfluidic flowfocusing geometry, which was defined using soft lithographic techniques and the elastomer poldimethysiloxane (PDMS). PDMS devices were micromolded from silicon masters containing the channel structures, which were defined using the negative photoresist Epocore 20 (micro resist technology, Germany). The cured microfluidic device was bonded onto a glass cover slide after oxygen plasma treatment and baked at 200 1C for 3 hours. 42 To avoid cross contamination, each droplet species was produced in a separate device. Fluid flows were generated with a pressure controller OB-1K (Elveflow, France) and appropriate PTFEtubings (inner diameter: 0.8 mm). Pressures were set between 150-300 mbar. The droplet device was loaded with the carrier oil Fluorinert FC-40 (Sigma-Aldrich, Germany) blended with 2% (w/w) surfactant (EA, RainDance Technologies, USA) and focused with the appropriate aqueous phase. The critical micelle concentration of the surfactant is E0.02-0.04%. 35 The reservoirs and the collection tubes for the cell free system were placed on ice during droplet production. Different species of droplets were collected separately 
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and then mixed in a new test tube in defined volume ratios with a pipette. Filling of the capillaries with droplets is described in detail in the ESI † (Fig. S9) . For capillary measurements with inducer reservoirs, the capillary ends were placed in a chamber containing the reservoir solution. The chamber was built with two stripes of melted parafilm on a glass slide, immediately covered with another glass slide. The chambers were sealed with silicone vacuum grease and nail polisher.
Bulk characterization
Cell-free expression of GFP was characterized via plate reader measurements (BMG FLUOstar Optima) using 15 ml reaction volumes in 384-well plates.
Microscopy
Video microscopy of droplets containing only bacteria was performed with an inverted epifluorescence microscope IX81 (Olympus, Japan) using a 10Â magnification objective, an EMCCD camera (iXon3, Andor, UK), and a mercury fluorescence excitation light source (X-Cite 120Q, Excelitas Technologies, USA). The microscope was equipped with an incubator box (Okolab, Italy) to maintain a temperature of T = 37 1C. All time-lapse microscopy measurements containing the cell-free system, also in combination with bacteria, were conducted on an IX71 microscope (Olympus, Japan) using a 10Â objective, a CCD camera (LucaR, Andor, UK) and a 4-wavelength fluorescence LED source (Thorlabs, USA). The samples were thermostatted at 30 1C using a heating plate (Tokai Hit Co. Ltd, Japan).
Data analysis
Image analysis is performed using a customized automated droplet tracking software programmed in MATLAB. 43 Extracted fluorescence and position data was further processed as described in detail in S7, ESI. †
Conclusions
We have demonstrated spatially differentiated gene expression in linear chains of emulsion droplets containing either bacteria or cell-free gene expression systems. Spatial effects can be either achieved by establishing concentration gradients of genetic inducers such as AHL and IPTG via macroscopic reservoirs or local sender droplets. For low inducer concentrations, the apparent diffusion coefficient of AHL is reduced by several orders of magnitude, consistent with micelle-mediated transport between neighbouring droplets. Confinement to an effective 1D geometry leads to a stronger chemical coupling of neighbouring droplets and an extended spatial range of the inducer molecules. This also enabled us to establish communication between cell-free sender droplets and neighbouring bacterial receiver droplets and, conversely, between sender bacteria and cell-free receivers. Our experiments represent a step towards artificial multicellular hybrid systems, in which the ''cells'' are constituted either by encapsulated bacterial consortia, artificial cells containing cell-free gene expression systems, or supplementary cells with chemical supplies, nutrients, etc. The 1D geometry utilized in this work could prove particularly useful to achieve spatial differentiation in such systems, to generate interesting spatiotemporal effects, and thus emulate simple developmental processes in an artificial context.
